Abstract: We report on the high-performance characteristics from superluminescent diodes (SLDs) based on four-stack InAs/InGaAlAs chirped-barrier thickness quantum dash (Qdash) in a well structure. The active region exhibits a measured broad gain spectrum of $140 nm, with a peak modal gain of $ 41 cm À1 . The noncoated two-section gainabsorber broad-area and ridge-waveguide device configuration exhibits an output power of 9 20 mW and 9 12 mW, respectively. The corresponding À3-dB bandwidths span $82 nm and $72 nm, with a small spectral ripple of G 0.2 dB, related largely to the contribution from dispersive height dash ensembles of the highly inhomogeneous active region. These C-L communication band devices will find applications in various crossdisciplinary fields of optical metrology, optical coherent tomography, etc.
Introduction
Superluminescent diodes (SLDs or SLEDs) has diverse applications viz. metrology, spectroscopy and sensing, imaging, apart from their telecom applications such as tunable source, short pulse generation, broadband light sources in wavelength division multiplexed systems, etc. [1] , [2] . The matured GaAs material system was the favorite contender for realizing these devices because of their wavelength span near 1.31 m offering lowest dispersion. Moreover, in the field of biological imaging, GaAs based SLD are already established sources for the optical coherent tomography (OCT) applications. Enhancing the power-bandwidth product (PBP) of SLD devices is of prime importance and main technological challenge [3] . Various approaches have been attempted to achieve this target via self-assembled InAs/GaAs quantum dot (Qdot) active region and exploiting their natural inhomogeneous broadening which enhances the gain profile and hence, the spectral width of SLDs. Intentional chirping of the energy levels of the multi-layer Qdots via altering the growth conditions to induce large dot size dispersion [4] , hybrid quantum well (Qwell)/Qdot structures [5] or using multi-contact device structures [2] , [6] have been reported. In general, wide-emission bandwidth of $100-200 nm with power in few tens of milliwatts has been demonstrated. Recently, an emerging technique based on post-growth bandgap engineering has also shown to improve the SLD characteristics. Ultra-broad emission in the range of $200-300 nm are realized from InAs/GaAs Qdot SLDs utilizing rapid thermal annealing, modulation p-doped multi-section device intermixing [1] , and selective area intermixing [7] . In general, these demonstrations highlight the potential of self-assembled growth technology in realizing broadband semiconductor devices.
Broadband devices spanning S-C-L communication bands has also found attention because of their broader cross-disciplinary field applications in optical metrology [8] - [10] (gyroscopes, optical time domain reflectometery), and particularly, in monitoring environmental health via managing emission of green house gases and hazardous chemicals sensing [8] , for instance, CO, CO 2 , NH 3 , CH 4 , etc., which have their absorption peak within this window, besides telecom applications (wavelength division multiplexed system) [1] , [11] , [12] . Although the S-C-L wavelength window includes the primary water absorption peaks, the attractive feature of greater penetration depth offered by $1.5-1.6 m SLDs makes them a potential candidate in dentistry and bone-related disease OCT imaging [13] - [16] . Furthermore, 1.55 m OCT systems has also attracted in non-biomedical field applications such as non-destructive testing, dimensional metrology, etc. [17] . 1.5 m SLD devices based on InGaAsP/InP multiple quantum well (Qwell) active region has dominated this wavelength window for more than two decades [9] , [10] . On this very matured active region material system, as grown [18] and selective area grown [8] SLDs has been reported with output power (bandwidth) $20 mW ($130 nm) and $100 mW ($61 nm) with low spectral ripple. In fact, the commercially available SLD devices, to the best of our knowledge, are also based on this material system, with fiber coupled output power (bandwidth) ranging from $40 mW ($33 nm) to $10 mW ($100 nm) [19] - [21] . In general, the PBP achieved in this material system is $1000-2600 mWnm. However, the thrust to enhance the efficiency and achieve comparatively flat emission bandwidth, which is rather limited in Qwell active region, lead to the exploration of new material system in the form of self assembled InAs Qdashes on InP platform which has mixed features of Qdots and Qwells, and spanning ground state (GS) emission around $1.4-2.0 m. With this hardly a decade old material platform, we were the first to demonstrate a wideband emission from InAs/InP Qdash SLDs spanning $110 nm and output power $1.5 mW utilizing the natural inhomogeneity of the Qdash active region [12] .
Here, we report on the implementation of chirped multi-stack dash-in-a-well active region device platform in achieving broad gain and high performance characteristics in the amplified spontaneous emission (ASE) via SLD investigation. The highly dispersed active region optical transition is achieved by varying the InGaAlAs barrier layer thickness in the multi-stack device structure. A broad gain bandwidth of $140 nm is measured from this active region material, and when implemented as a broad area (ridge-waveguide) SLD device, an output power 9 20 mW (9 12 mW) and emission bandwidth $82 nm ($72 nm) is achieved. This is a significant increase (9 8 times) in the PBP value ($1800 mWnm) when compared to the reported SLDs on an identical active region material platform ($165 mWnm) [12] 
Experimental Details
The chirped InAs Qdash device structure was grown by molecular beam epitaxy (MBE) on n-InP Fig. 1 (a) and more details can be found elsewhere [22] . The SLD design is based on two isolated sections; gain and absorber region. While the gain region is pumped, the absorber section is left un-pumped as it acts as a photon absorber, thus suppressing the optical feedback from the rear as cleaved facet and minimizing the lasing action. The SLDs are fabricated using standard broad area/ridge-waveguide laser fabrication process including an extra isolation step to separate the gain and absorber sections. In addition, multi-section ridge-waveguide devices were also fabricated with each section length 3 Â 1000 m 2 , for absorption/gain measurement of the chirped Qdash material following technique described in [23] . The broad area 20 Â 1000 m 2 and ridge-waveguide 4 Â 2500 m 2 SLD devices with as-cleaved facet and $1000 m absorber section were tested under short pulsed (SP) mode at 0.5 s current pulse width and 0.2% duty cycle while the gain/absorption measurements were carried out under continuous-wave (CW) operation. In addition, to show the quality of the chirped Qdash material, broad area 20 Â 1000 m 2 and ridge-waveguide 4 Â 2500 m 2 lasers are also fabricated from the same wafer and tested under SP mode operation. For spectral analysis, the optical power is buttcoupled into a standard multi-mode fiber. Spectral modulations are observed in all the emission spectra, with relatively fixed modulation period, owing to the external cavity formation between the device and the bare-fiber facets.
Material Characterization
Utilizing the segment contact method, the optical gain and absorption spectra of the chirped Qdash active region is calculated and plotted in Fig. 1(b) and (c), respectively, and at four different current injections. A very broad gain and absorption profile is observed from this class of active region material indicating a highly inhomogeneous Qdash system, a direct effect of intentionally enhanced GS optical transitions via varying the barrier thickness. The extracted internal loss from both the spectra is i $ 12 AE 2 cm À1 while the transparency current density is estimated to be J tr $ 2:5 kA/cm 2 from Fig. 1(b) . A single peak gain bandwidth of $140 nm is achieved at a current density of 8.33 kA/cm 2 with peak modal gain $ 41 cm À1 . On the other hand two peaks are observed in the absorption spectra as depicted in Fig. 1 (c) centered at $1:42 m and $1:61 m. We attribute the long wavelength absorption peak to the filling of carriers first by large average height dash ensembles (Ldash) corresponding to the 10 nm and 15 nm barrier thickness Qdash layers. We postulate that these Qdash stacks contribute collectively in the ASE regime under the CW operation because of comparatively small barrier thickness which assists carrier tunneling [22] . The short wavelength absorption peak is attributed to the short average height dash (Sdash) ensembles corresponding to the 20 nm barrier thickness dash layer. These attributions are further supported by our recent systematic investigation via photoluminescence measurements and a statistical dash height analysis using transmission electron microscopy on this chirped Qdash active region material. The results revealed large (small) average dash height from the 10 (20) nm Qdash stack resulting in smaller (larger) optical transitions. The peak loss value of the Ldash ensemble is far larger than the Sdash ensemble (9 by 13 cm À1 ) suggesting that their gain is limited. This could partly be attributed to the photon re-absorption process in the system i.e., Sdashes (emitting high energy photons) acts as carrier feeders to the Ldash assembly (small average band transition energy) via optical pumping. This might be the reason that only single lobe gain profile owing to Ldash assembly is observed. Furthermore, this can also be attributed to the non-uniform distribution of the carriers in the Qdash layers with more carriers filling up the dashes near to p-cladding side (i.e., Ldash group) than the n-cladding side; probably a result of lower hole mobility in the barriers separating the layers, as observed in the Qwell devices [24] . In general, such a broad gain profile material with high peak gain value is very attractive as broadband semiconductor optical amplifier (SOA), modulator, sources, and detectors in the telecom window. Fig. 2 illustrates the room temperature L-I characteristics of 20 Â 1000 m 2 broad area chirped Qdash laser under SP mode operation. A high total output power of 9 0.4 W is measured, as shown in Fig. 2(a) without any sign of optical power roll off. The electroluminescence of the device below and above threshold current density ðJ th $ 2:0 kA/cm 2 Þ is plotted in Fig. 2(b) . A broad spontaneous emission spectra is observed with subsequent lasing at $1:61 m, on increasing injection current density from 1.25 kA/cm 2 to 2.25 kA/cm 2 . The internal quantum efficiency i , i , and J tr are extracted from the laser cavity length dependence of external differential quantum efficiency and the threshold current density. The corresponding values are $70%, $11 cm À1 , and $1:6 kA/cm 2 , respectively. A small discrepancy in i , and J tr is observed on comparing with the extracted values obtained from the gain/absorption measurements owing to the different mode of current pumping in both cases (CW mode versus SP mode operation) since the chirped Qdash lasers show strong dependence of J th with operating temperature due to a lower value of characteristic temperature, T 0 $ 60 K [25] . Therefore, increased non-radiative recombination and thermionic emission is expected in the CW mode compared to the pulsed mode operation. Fig. 3(a) shows the L-I characteristics of 20 Â 1000 m 2 broad area chirped Qdash SLD device, operated under SP mode and at room temperature. The ASE spectra measured at different injection current density is shown in Fig. 3(b) . A super-linear optical power behavior is 2 are comparable signifying the quenching of the lasing action and transition from the spontaneous emission to the ASE regime. A large wavelength blue shift of $21 meV and an increase in the emission bandwidth by $12 nm is observed on increasing the current density from 2.5 to 25 kA/cm 2 , thus providing an estimate of the degree of active region inhomogeneity. In general, the emission is dominated by smaller height dashes (emitting at shorter wavelength) due to larger photon re-absorption by the larger height dashes (emitting at larger wavelength) of the Ldash assembly. Once the rate of photon generation by shorter dashes exceeds the photon absorption by larger dashes, the intensity related to these quantized states starts to increase and hence blue shifts the emission spectra. With increasing injection, the simultaneous and comparable emission from both shorter and larger dashes of Ldash ensemble results in broadening of the emission bandwidth. From Fig. 3(d) , the residual Fabry-Perot oscillations of G 0.2 dB is observed for injection current densities 9 5 kA/cm 2 . This extremely small spectral ripples over the 10 nm span from the central emission wavelength is comparable to the different SLD device configurations on InAs/ GaAs Qdot and InGaAsP/InP Qwell material system [1] , [18] . This high performance characteristic with large PBP and low spectral ripple from the chirped Qdash SLD affirms the potential of this device structure platform for further advancing and realizing ultra-broadband semiconductor emitters. The device theoretical coherence length in air L c % 0:8825 2 =Á is $ 25:7 m, where is the central wavelength and Á is the emission bandwidth; and the average spectral power density (optical power/bandwidth) is $0.22 mW/nm. The simultaneous achievements of low L c and high PBP, which is rather difficult, makes the device highly attractive S-C-L broadband source for OCT applications. It is noteworthy to mention that the power values could further be increased by different techniques such as facet coatings, utilizing longer tapered and multisection devices [4] , SOA in tandem with the SLD devices [6] .
SLD Characterization
Next, we characterize a ridge-waveguide Qdash SLD device, fabricated from the same chirped Qdash active region epitaxial wafer. The results are shown in Fig. 4 for a 4 Â 2500 m device under the SP operation and at room temperature. Similar behavior in the L-I and emission spectra is observed compared to the broad area SLD device. An output power of as large as 9 12 mW is measured at 50 kA/cm 2 with large emission bandwidth ($72 nm), centered at waveguide SLD suggests comparatively less photon re-absorption in the Qdash system, possibly due to reduction in the active region volume, which lead to emission from comparatively larger height dashes from the Ldash assembly. Besides, we also partly ascribe the above observation to the different behavior of the Qdash system in both the devices due probably to the alteration in the active region temperature (due to different device geometrical parameters) with increasing current injection which would lead to non-uniform carrier distribution among the inhomogeneous Qdashes via thermionic emission and carrier tunneling processes [22] . A differing observation of small central wavelength blue shift ($5.4 meV) and large increase in bandwidth ($27 nm) with current pumping (depicted in Fig. 4 (c) and (d), respectively), in the ridgewaveguide SLDs, further supports our attributions. The measured spectral ripple is G 0.3 dB for the entire current injection range and the calculated PBP and the coherence length in air of the device, at the maximum current injection, is $905 mWnm and $30.8 m, respectively.
An extended SP mode emission spectrum of the ridge-waveguide SLD at three different current injections is plotted in Fig. 5(a) which shows an interesting feature [26] . Two additional emission humps at $1:4 m and $1:2 m is visible which is ascribed to the emission from Sdash ensemble and the Qwells, respectively. An energy band model sketch describing the behavior of the active region is also shown in the inset of Fig. 5(c) . Although a collective contribution of Sdash and Ldash ensembles forms an overall SLD emission signature with very wide coverage of $400 nm at high injections, an emission intensity difference of 9 30 dB between Sdash and Ldash groups shadowed the Sdash existence. However, in the case of CW operation of the ridge-waveguide SLD, depicted in Fig. 5(b) and (c), a comparable simultaneous emission from all the quantum confined nanostructures at high injections lead to the realization of an extra-ordinary emission bandwidth from our chirped SLD devices. A CW output power of $1.3 mW with an emission bandwidth of 9 500 nm is achieved at high current pumping of 9 10 kA/cm 2 , thanks to the highly inhomogeneous dash-in-well active region together with the thermal effects [26] . Comparable emissions from Qdash ensembles and Qwells suggest overcoming the photon-reabsorption process (carrier feeding via optical pumping) in the system which is possible at high current injections. The red shift of Qdash groups and Qwells emission [shown as bending of the respective spectral regions by a gray band in Fig. 5(b) ] is indicative of simultaneous emission from shorter transition energy dashes of both the dash ensembles, and different asymmetric Qwells. In addition, the observation is partially attributed to junction heating which also affect the localized distribution of carriers within the dash stack and among the stacks, probably due to thermionic carrier escape [26] . At smaller CW injections, however, the emission is still dominated by only Ldash group, similar to the SP mode operation, with emission bandwidth and output power reaching values $170 nm and $1.1 mW, respectively, at 8 kA/cm 2 . The observation of simultaneous radiative recombination from Ldash and Sdash groups in SP mode and demonstration of collective emission from Qdash-well under CW operation shows the potential of this active region design platform. Through proper optimization of the device structure by possibly including two 20 nm barrier thickness dash stacks (to increase the Sdash gain) and optimized Qwell heights, the gain bandwidth and hence emission bandwidth of chirped Qdash SLD can be improved substantially.
Conclusion
We demonstrated the feasibility of chirped InAs/InP Qdash active region material platform as a viable platform for realizing wide optical bandwidth and high output power light emitting devices. Through the gain-absorber SLD configuration, we achieved a À3 dB bandwidth of $82 nm and $72 nm from the broad area and ridge-waveguide devices centered at 1.55 m. The corresponding measured optical power of $22 mW and $12 mW, with low spectral modulation, highlights high performance characteristics from these devices. Further optimization of the Qdash active region would lead to highly efficient and large PBP SLD devices.
